The use of biological processes aiming the recovery of gold from low concentrated solutions coming from leaching of secondary sources is gaining increasing importance due to the scarcity of the primary resources and to the economic and environmental advantages usually presented by these methods. Thus, the addition, in batch and in continuous, of different solutions containing biogenic sulphide, generated by the activity of sulphate-reducing bacteria (SRB), to gold(III) solutions, was investigated for that purpose. In the batch experiments, AuS nanoparticles nanoparticles with sizes between 6 and 14 nm where obtained (corresponding to 100% of Au(III) removal from solution) if the biogenic sulphide was generated in a typical nutrient medium for SRB, while Au(0) nanoparticles with sizes below 8 nm, where attained (corresponding to 62% of Au(III) removal) if an effluent from a SRB bioremediation process to treat acid mine drainage (AMD) was used instead. These results stimulated the development of a continuous process of addition in which two sulphide-rich effluents, resulting from a SRB bioremediation process treating two types of AMD (from an uranium mine and from a polysulphide mine) were tested. In both cases Au(0) nanoparticles with sizes between 6 and 15 nm where mainly obtained, being the percentages of Au(III) removal from solution from 76% to 100%. The processes described allow the simultaneously treatment of AMD and the obtainment of metallic gold nanoparticles, a product with high applicability (e.g. in medicine, optical devices and in catalysis) and economic value. The synthesis process described in this work can be considered a novelty, since it is the first time, to our knowledge, that the Page 5 of 32 RSC Advances 2 use of an effluent from a SRB bioremediation process is reported for gold(III) recovery as gold(0) nanoparticles.
the development of new and sustainable technologies that do not require the use of extreme conditions and/or expensive chemicals.
EXPERIMENTAL

Batch experiments for gold recovery
The batch experiments for gold recovery using filtrated supernatant from SRB growth in nutrient medium (Experiment A1) and using bioreactor's effluent from a SRB bioremediation process for AMD treatment (Experiment A2) are represented in figure 1.
Using the supernatant from the batch growth of SBR in nutrient medium
A SRB community enriched from the wetland of Urgeiriça mine (North of Portugal), grown and maintained in sub-cultures originally containing species mainly affiliated to Desulfovibrio desulfuricans 36 glass bottles, at room temperature (21 ± 1 ºC) in anaerobic conditions, achieved by purging the medium with nitrogen gas and 10 mL of sterile liquid paraffin, was added.
Throughout the experiments, pH, redox potential (Eh), sulphate and sulphide concentrations were determined weekly in order to monitor the bacterial growth.
After 28 days of growth, a 30 mL sample was collected, centrifuged at 4000 rpm for 10 min and filtered on a 0.22 µm filter (syringe filter, Puradisc FP 30, Whatman) to avoid the presence of bacteria and obtain a solution resulting from the bacterial growth.
25 mL of a gold(III) solution (Sigma-Aldrich, Gold atomic spectroscopy standard concentrate, 1.00 g/L Au standard solution) with gold concentration of 67 mg/L was added in 30 mL glass bottles. The bottles were then sealed with butyl rubber stoppers and aluminum seals. 5 mL of the filtrate solution from the bacterial growth was added to the gold(III) solution under stirring, drop-by-drop, using a syringe.
pH, Eh, sulphate and sulphide concentrations were measured both in the filtrate and in the samples of the mixture collected after 1, 3 and 7 days of contact. The concentration of gold(III) was also analyzed.
All assays were performed with four replicas and were carried out under sterile conditions. Figure 1 -A1, represents a scheme of this batch experiment.
In order to understand the role played by sulphide in gold(III) removal, a similar assay was made using a chemical sulphide solution (Na 2 
Using a bioreactor's effluent from a SRB bioremediation process for AMD treatment
In these experiments, the gold(III) solution with a gold concentration of 180 mg/L was placed in 120 mL glass bottles. The bottles were capped with butyl rubber stoppers and a needle was placed in the rubber to relieve the pressure. The bioreactor's effluent (from BRI) was collected, filtered on a 0.22 µm filter (syringe filter, Puradisc FP 30, Whatman) and added drop-by-drop with the syringe to the gold(III) solution under stirring, as shown in figure 1-A2.
In this assay, the volume of the added bioreactor's effluent was selected in order to have a molar ratio between sulphide and gold(III) of 1.5. The batch assays were carried out in duplicate, at room temperature, using sterilized material through autoclaving.
The filtrated bioreactor's effluent parameters, as pH, Eh, sulphate and sulphide concentrations, were analyzed and the results are showed in table 1. After the addition of the bioreactor's effluent to the gold(III) solution, samples were collected at different times: after 1 hour and after 1, 3 and 7 contact days. In these samples the pH, Eh, sulphate and sulphide concentrations and gold(III) concentration were also measured.
Continuous experiments for gold recovery
Effluents from a bioremediation process for AMD treatment were used to recover gold(III) from an aqueous solution, in a continuous system. The effluent from Bioreactor I (BRI) was obtained in bioremediation's treatment of AMD from S.
Domingos' Mine (Experiment B1), while the effluent from Bioreactor II (BRII) was obtained in the treatment of AMD from Quinta do Bispo's Mine (Experiment B2). Figure   2 shows a scheme of the continuous experiments.
In the continuous system, aiming at gold recovery, the gold(III) solution was coupled downstream to the bioremediation process. In this system described in figure   2 , two bioreactor's effluents were tested, one from the treatment of the AMD from S.
Domingos' mine (BRI) (figure 2-B1) and the other from the treatment of an AMD coming from the uranium mine of Quinta do Bispo, located in North Portugal (BRII) (figure 2-B2). Both AMD were neutralized with calcite tailing, before entering the bioreactor to ensure a suitable pH for the growth and activity of SRB in the bioreactor, as shown in the first step of figure 2.
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Previous experience as shown that a combined process consisting of an anaerobic sulphate-reducing bioreactor, following neutralization with calcite tailing, produces water complying with legal irrigation requirements from synthetic AMD. 35 In all the experiments, the bioreactor's effluent was added to the gold(III) solution, drop-by-drop, using a syringe under stirring.
Bioreactor's effluent characterization
The bioreactor's effluents produced in this bioremediation process had sulphide generated by the SRB present in the bioreactor. This sulphide is an environmental hazard, 37,38 thus a system was designed to use it, aiming gold recovery from an aqueous solution, under controlled conditions. The bioreactor is an Upflow Anaerobic Packed-Bed Reactor (UAPB) inoculated with a SRB community and the AMD bioremediation processes contain an additional upstream neutralization step, as described by Victor and colleagues. Ethanol was used as carbon source to promote SRB growth and activity and phosphorous and nitrogen were also added regularly.
The BRI was treated AMD from the polysulphide mine of S. Domingos In the experiment with the effluent from BRI, the initial Au(III) concentration in metal solution was 100 mg/L, while in the experiment with effluent from BRII, the Au(III) concentration was 200 mg/L and in both cases the gold(III) solutions were deaerated in an ultrasound bath (J.P. Selecta Ultrasons-H) for 15 min.
The possible contamination of the gold precipitate with bacteria and/or metals precipitates from the bioreactor was avoided by using a filter system placed immediately before the reaction vessel. That filter was composed by a coarse glass wool pre-filter in a glass column (14 cm long, 2 cm diameter), followed by a 0.2 µm syringe filter (Whatman Puradisc 25 AS), as described by Vitor and colleagues 35 . The volume of the bioreactor's effluent was added until a molar ratio of 1.5 between sulphide (from the effluent) and gold(III) was achieved. After the effluent's addition the parameters of the mixture were measured (pH, redox potential, sulphate and sulphide concentrations and gold concentration) and the precipitate was characterized.
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Analytical methods
In order to monitor the growth of the SRB community, samples from the batch cultures were periodically collected using a sterile syringe and the optical density at 600 nm (OD 600 ) was measured in each sample. After centrifugation at 4000 rpm for 5 min, redox potential and pH were determined using a pH/E Meter (GLP 21, Crison) and the sulphate concentration was quantified by UV-visible spectrophotometry (HachLange DR2800 spectrometer) using the method of SulfaVer®4.
As mentioned above, in the batch experiments, samples were periodically collected, while in the continuous experiments the samples were collected at the end of the bioreactor's effluent addition.
In the mixtures containing the gold(III) solution and the sulphide solution, the sulphide concentration was measured immediately after sampling, using an UV-Visible spectrophotometer (DR 2800, Hach-Lange) by the Methylene Blue Method (665 nm, Hach-Lange). After centrifugation at 4000 rpm for 5 min, redox potential, pH and sulphate concentration were also measured using the same methodology and equipment described above. The gold(III) concentration was analysed using the thiamine-phloxine method described by Fujita and colleagues 39 .
In an assay tube with 
Precipitates characterization
The precipitates obtained in the different experiments were characterized. In order to recover the precipitates, samples of the mixture were collected, centrifuged at 4000 rpm for 10 min and the pellets were washed 3 times with ethanol 70 % and the precipitates were then dried in vacuum (Binder, VDL) at 37ºC ± 1ºC.
The obtained precipitates were analysed by X-Ray Diffraction (XRD) using a PANalytical X'Pert Pro powder diffractometer, operating at 45 kV and 35 mA, with Cu Kα radiation filtered by Ni. The XRD patterns were recorded using an X'Celerator detector, with a step size (2θ) of 0.03º, and a time per step of 1000 s. Peak analysis and crystalline phase identification were conducted using the High-Score Plus software, with the ICDD PDF-2 database.
Transmission Electron Microscopy (TEM) (Hitachi, H8100 model, with a LaB6 filament) coupled to Energy Dispersive X-ray Spectroscopy (EDS or EDX)
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(ThermoNoran) were used for the determination of the particles size, morphology and elemental composition.
RESULTS AND DISCUSSION
Metals are usually toxic for microorganisms, such as SRB, since essential ions can be substituted on cellular sites causing functional groups blockage of important molecules such as enzymes. 41 Therefore, in the present work solutions resulting from SRB growth in several conditions were added to Au(III) solutions, instead of the direct addition of gold(III) to the nutrient medium during bacterial growth. The advantage of the present methodology is the fact that it does not require the use of metal-resistant bacteria. A solution resulting from SRB growth and two effluents from a SRB bioremediation process described by Victor and colleagues 35 for AMD treatment were used for that purpose. As described in figure 1 the experiments were carried out in batch (Experiments A1 and A2) and in a continuous system (Experiments B1 and B2).
Batch experiments for gold recovery
The batch experiments for gold recovery were performed using the filtrated solution resulting from SRB growth in batch, in nutrient medium (Experiment A1) and the bioreactor's effluent collected from BRI (Experiments A2).
The filtrated solution used in experiment A1 was obtained after SRB growth for 28 days. After that time around 55 % of sulphate was consumed, producing 247 mg/L of sulphide. The optical density (600nm) of the solution reached 0.6, due to high bacterial growth. The molar ratio between gold(III) and sulphide in the experiment was 1:1.5.
The A1 experiment showed that in one hour all Au(III) was removed from the solution and a dark precipitate was formed. This result was followed by the removal of 93 % of sulphide, which may indicate that the sulphide present in the filtrated solution might be responsible for the Au(III) removal. In order to prove this hypothesis, an assay In order to understand if it would be possible to obtain similar results in a continuous system, using effluents produced in an AMD bioremediation process, the replace of the batch system for the continuous system was carried out. For that purpose, effluents from two different AMD bioremediation processes were tested, downstream to the bioreactor.
Continuous system for gold recovery
The experiments developed in a continuous system for Au(III) recovery were performed using bioreactor's effluents from two AMD bioremediation processes. The main difference between these two effluents was the treated AMD and the initial concentration of the gold(III) in the solution. BRI treats AMD from S. Domingos' mine while Bioreactor II treats AMD from the uranium Quinta do Bispo's mine.
Although, two different gold(III) concentrations, were used, the molar ratio between sulphide (from the effluent) and gold(III) was maintained at 1.5, since in the batch assays it was demonstrated that this is the most suitable ratio to obtain gold(III)
removal percentages up to 60 % as metallic gold NPs. In the continuous assays, the time required to achieve this ratio depends on the AMD flowrate. The flowrate in these Page 14 of 32 RSC Advances bioreactors ranged from 2.5 to 5.0 mL/h and the experiments lasted no more than 25 hours.
Sequential pictures of the continuous system aiming gold recovery, using bioreactor's effluent from AMD bioremediation process, are shown in figure 6.
The pH profile was similar to the one obtained in batch assays. Thus, in both continuous experiments, B1 and B2, the pH decreased from values 6.44 and 6.83 to 2.36 and 2.52 values, respectively. As mentioned above, this pH decrease is associated to the addition of the gold(III) solution with a pH lower than 2.
When the bioreactor's effluent started to be added, drop-by-drop, to the gold(III) solution ( figure 6 I) , the formation of a brown and bright precipitate was observed ( figure 6 II and III) . The sulphide from both effluents is probably able to reduce Au(III) into insoluble Au(0) (figure 6 II and III), which is consistent with the result obtained in the batch assays when the bioreactor's effluent was added to Au(III) solution. The results showed that gold removal percentages higher than 76 % can be achieved regardless of the effluent used. However, the percentage of gold recovery is probably dependent on the effluent composition.
Precipitate's characterization
The precipitates obtained in the continuous experiments (B1 and B2) were washed, dried and characterized by XRD and TEM-EDS.
Despite the different percentages of gold removal, 76 % and 100 %, using the bioreactor's effluents, from BRI and BRII, respectively, the characterization of the precipitates has shown to be very similar.
The XRD analysis of the precipitates obtained in experiments B1 and B2 are presented in figure 8 . A representative TEM image of the obtained precipitates in experiment B2 is represented in figure 9 A and B -Exp B2 and reveals a spherical shape of the NPs with a size range of 8-15 nm. The EDS analysis, figure 9 C -Exp B2, confirms the result obtained by XRD, once gold was the only element identified in the precipitate. The identification of Cu is due to the composition of the sample grid. Table 3 shows a summary of the results obtained in both systems batch and continuous for each experiment.
The results obtained in experiment A1 suggest that the sulphide produced during bacterial growth, in nutrient medium, was able to remove gold(III) from aqueous solution, as gold(I) sulphide NPs, meaning that gold(III) was previously reduced to gold(I), which was combined to the biologically generated sulphide present in solution.
Therefore, the production of gold(I) sulphide occurred when the conditions to reduce gold(III) to gold(I) were created and whenever biogenic sulphide was available.
A similar study was already performed in which a bioreactor was used operating on a fill-and-draw basis, using Postgate medium as feed to favour the SRB growth. The sulphide produced by SRB community was used to metals (Fe(III), Cu(II) and Au(III)) precipitation by sparging the metals solution with biogenic sulphide gas or by mixing it with sulphide-rich supernatant from a sulphate reducing bioreactor feed with nutrient medium, without the need of biomass. The obtained precipitates are mainly metal sulphides and also contained unidentified complexes which could include nitrates, chlorides and carbonates. 27 For the assays with gold(III), a black gold(I) sulphide precipitate was formed when biogenic sulphide was bubbled through an Au(III) solution according to the eq. (1), described by Vogel 43 :
Eq. (1)
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As suggested by Bhagat and colleagues 27 , at room temperatures, elemental gold is dispersed with Au 2 S.
It is expected that the same reaction is involved in the formation of Au 2 S in our batch study, when the filtrated supernatant from SRB growth in nutrient medium (experiment A1) was used. Once this precipitate is heated to 200ºC it decomposes to elemental gold. 44 However, using the bioreactor's effluent (experiments A2, B1 and B2) elemental gold was obtained directly, without requiring the use of these high temperatures.
In our experiments, where bioreactor`s effluents from AMD treatment were The results obtained in the present work suggest that it is possible to reduce Au(III) to Au(0) NPs using bioreactor's effluents, rich in biogenic sulphide, from AMD bioremediation processes based on the activity of SRB. These results were obtained without the presence of biomass as reported in previous studies. The described process presents some economic advantages, due to the use of a bioreactor's effluent, able to replace chemical processes that use reagents, as NaBH 4 , citrate and ascorbate 6 for the removal/recovery of a valuable material such as Au(0). Furthermore, it takes advantage from the use of H 2 S, a toxic sub-product of the AMD bioremediation process, thus with additional environmental benefits.
CONCLUSION
The present work demonstrates, for the first time to our knowledge, the ability of effluents from a SRB bioremediation process for AMD treatment, containing biogenic Page 18 of 32 RSC Advances sulphide, to efficiently remove gold(III) from solution, allowing its recovery as Au (0) NPs.
The reduction of gold(III) to metallic gold seems to be, not only dependent on the sulphide ions available in the solution, but may also be dependent on the presence of other compounds produced by the bacterial community in the bioreactor. It can also be concluded that the Au(0) particles recovered in these processes are mostly NPs with very small sizes between 6 to 15nm with a cubic crystalline structure, which confers them unique properties useful for specific applications.
The process described in this paper is an attractive alternative from both environmental and economic points of view to the traditional chemical methods usually utilized for gold recovery: it allows the valorization of an effluent and is performed at room temperature and pressure, thus avoiding the use of extreme conditions and expensive chemicals. Moreover, the possibility to recover gold as metallic NPs is very important taking into account their high market prices and diverse uses. The recent increase of gold share value may be justified by the significant value usually attributed to this metal during international political and economic crises and by its limited availability. Thus, we hope the process described in this work could be a promising contribution aiming to facilitate the recovery of gold as NPs, namely from secondary sources. Table 3 -Summarizing table: Results of gold recovery and particles characterization in each experiment 
Tables
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Scheme of the continuous experiments aiming gold removal/recovery from aqueous medium. Sequential steps for gold recovery, in a continuous system, using two different bioreactor's effluents, one from the treatment of an AMD originated from a polysulphide mine (Experiment B1) and the other one from the treatment of an AMD coming from an uranium mine (Experiment B2). 
